Introduction
============

After light has been absorbed in the pigment system of photosynthetic organisms, energy conservation is initiated by charge separation and electron transfer reactions within specialized reaction centres (RCs) of the photosynthetic apparatus. Within the RCs of photosystem II (PSII), primary photo-induced electron transfer from an electron donor termed P680 to the electron acceptor pheophytin creates a strong oxidant, P680^+^, and a reduced pheophytin, Pheo^--^. The former is capable of oxidizing water. The latter reduces the primary quinone electron acceptor Q~A~ within the RC. Further electron transfer reactions, which include photosystem I (PSI), result finally in the reduction of CO~2~.

Problems arise when either water or electron acceptors, or both, are unavailable and light intensity is high. In that case, light damages the photosynthetic apparatus. The recombination of charges on P680^+^ and Pheo^--^ activates oxygen ([@bib26]; [@bib2]; [@bib27]). Singlet oxygen, ^1^O~2~, is highly oxidative. Damage by ^1^O~2~ or other oxidants formed in strong light can be prevented or minimized if excess light energy is rapidly converted into heat by the action of non-photochemical quenching mechanisms. In hydrated plants, a main mechanism of thermal energy dissipation is inactive in low light. It is activated under excess light. For activation, it requires the presence of the xanthophyll zeaxanthin and the light-dependent protonation of a thylakoid protein ([@bib11]; Niyogi, 1990; [@bib7]; [@bib31]; [@bib29]; [@bib42]). Light intensity controls this energy dissipation mechanism preventing competition with RCs, which remain active for photosynthesis even under strong light.

In desiccated photoautotrophs, persistence of normal RC activity under strong sunlight would cause serious photo-oxidative damage. It would endanger survival. Many mosses (more than 15,000 species in total) and most lichens (more than 13,000 species) are desiccation-tolerant ([@bib28]). Full photo-protection in the desiccated state requires mechanisms of energy dissipation, which are more effective in dissipating light energy thermally than the zeaxanthin-dependent photo-protection, which operates in hydrated photoautotrophs.

Recently, picosecond measurements of fluorescence lifetimes have revealed a new mechanism of photoprotection in desiccated lichens ([@bib43]; [@bib25]; [@bib33]). Migration of excitation energy to a far-red emitting pigment protein permits de-excitation of the bulk pool of excited chlorophyll, which is faster in the desiccated than in the hydrated state. Energy transfer with short time constants of 0.31, 23, and 112 ps appeared to drain excitation energy from PSII RCs ([@bib25]; [@bib33]). This protects PSII RCs against photo-inactivation.

An earlier work with a shade-adapted moss, *Rhytidiadelphus squarrosus*, observed activation of zeaxanthin-dependent energy dissipation while the moss was hydrated ([@bib18]). On desiccation of the moss, photo-protective energy dissipation increased. This was attributed to the formation of a radical in PSII RCs, which is capable of quenching excitation energy. It is not yet known whether the energy dissipation mechanism that operates in the moss is related to a mechanism reported for desiccated lichens that exhibits picosecond fluorescence decay ([@bib43]; [@bib25]; [@bib33]).

The present study used a closely related desiccation-tolerant moss species, *Rhytidium rugosum*, which survives full exposure to sunlight in contrast to shade-adapted *Rhytidiadelphus squarrosus*. The following questions were addressed: (1) Is *Rhytidium rugosum*, when desiccated, protected also by a mechanism of thermal energy dissipation, which is similar to that shown to prevent photo-oxidative damage to desiccated lichens? (2) What is the role of the radical observed earlier in *Rhytidiadelphus squarrosus* in desiccated *Rhytidium rugosum*, and is it stable? (3) Is the recombination of unstable radical pairs such as P680^+^ and Pheo^--^ non-toxic or potentially toxic by giving rise to the activation of oxygen in desiccated *Rhytidium rugosum*? (4) Does the effectiveness of photo-protection of hydrated moss differ from that of desiccated moss? To answer these questions, modulated fluorescence and fluorescence lifetimes were measured. Measurements of absorption changes in the far-red served to identify radicals in desiccated moss thalli.

Materials and methods
=====================

The moss *Rhytidium rugosum* (Ehrh.) Kindb., family *Rhytidiaceae*, was collected either in the dry or the hydrated state from a sun-exposed location on calcareous soil near Leinach, 25 km from Würzburg, Bavaria, Germany. This site served repeatedly as a source of material during different seasons in the years 2006--2010. After collection, hydrated moss was slowly dried in dim light (\<4 μmol m^−2^ s^−1^ photosynthetically active photon flux density, PPFD) or in complete darkness and stored in darkness at a relative humidity below 65% or a water potential below --70 MPa before being used for experiments. Prolonged dark adaptation (usually 36 or 48 h) of hydrated thalli was intended to decrease zeaxanthin levels. Zeaxanthin is converted to violaxanthin in the dark or in low light ([@bib7]).

The yield of chlorophyll fluorescence was measured beyond 700 nm after excitation with 650 nm light in a pulse amplitude modulation fluorometer (model 101, Walz, Effeltrich, Germany) ([@bib39]). A modulated measuring beam of low intensity (average PPFD of 0.04 or 2.5 μmol m^−2^ s^−1^) served to elicit fluorescence. Halogen lamps (KL 1500, Schott, Mainz, Germany) provided strong short light pulses (usually 1 s) and continuous illumination of white light through heat- and far-red-absorbing filters (Calflex c and DT-Cyan, Balzers, Liechtenstein) and fibre optics. The PPFD of the light pulses was 10,000 μmol m^−2^ s^−1^ unless otherwise stated. During prolonged illumination with strong continuous light, the temperature of moss samples was monitored by a thermocouple and regulated by a cooling system. PPFDs were measured by a LI-COR189 quantum sensor (Fa Walz, Effeltrich, Germany).

Experiments with gas mixtures of different CO~2~ concentrations were performed using a sandwich-type cuvette, which permitted controlled gas flow over hydrated moss thalli. Light-dependent absorption changes were measured in reflection using the pulse amplitude modulation fluorometer in combination with ED800 T emitter/detector units (Walz) equipped with different LEDs. Peak emissions of the LEDs were at 802, 835, 875, and 950 nm.

Fluorescence lifetimes were measured as reported in [@bib24] and [@bib25]. Fluorescence of dry and wet moss thalli was excited by a 430-nm laser pulse. The excitation light was obtained from a Ti:Sapphire laser (Mai Tai; Spectra-Physics, Newport Corporation, Irvine, CA, USA). The frequency-doubled light at 430 nm was generated by a type-I BBO crystal from an 860-nm laser pulse with a pulse duration of 150 fs and a repetition rate of 80 MHz. Fluorescence was focused onto the entrance slit of a 50-cm polychromator and was detected by a streak camera detector (50 cm, Chromex 2501-S, 100 g/mm, Hamamatsu Photonics, Hamamatsu, Japan) as described previously. The streak camera system was operated in the photon-counting mode to give 640 (wavelength) × 480 (time) pixel 2D images for a 636--778 nm fluorescence emission range with 1-nm resolution and 1100- or 5350-ps time range. The signal was accumulated for approximately 0.5--1 h in each measurement or as described elsewhere in detail ([@bib24]; [@bib25]).

The following parameters are described: F~o~, minimum yield of modulated fluorescence at the dark-adapted level, indicating that Q~A~ of PSII is oxidized; F~s~, stationary yield above F~o~, indicating that Q~A~ is partially reduced; F~m~, maximum yield, indicating that Q~A~ is fully reduced; F~v~, variable fluorescence, calculated as F~m~--F~s~ or F~m~--F~o~. The value of Non-photochemical fluorescence quenching (NPQ) is calculated as F~m~/F~m~\' -- 1 or, after desiccation, as F~m~/F~o\ dessicated~ -- 1 because F~m~\' is very close to F~o\ dessicated~; then, F~o\ hydrated~/F~o\ dessicated~ is a parameter to quantify the extent of competition between functional RCs and dissipation centres to capture excitons.

Glutaraldehyde, dithiothreitol (DTT), and nigericin were obtained from Sigma-Aldrich/Fluka (Seelze, Germany).

Results
=======

Fluorescence emission spectra of hydrated and desiccated thalli
---------------------------------------------------------------

[Fig. 1](#fig1){ref-type="fig"} shows fluorescence emission spectra of *Rhytidium rugosum* measured at room temperature. Emission around 680 nm originates mainly from PSII. Emission above 700 nm contains contributions of PSI, which is less fluorescent than PSII at room temperature. Desiccation suppressed fluorescence at 680 nm more strongly than above 700 nm. Moss desiccated in darkness had bands with maxima close to 680 and 710 nm (middle spectrum). Desiccation in the light decreased fluorescence more than desiccation in darkness. It shifted the peak of the far-red band to about 720 nm (lower spectrum).

![Fluorescence emission spectra of hydrated and desiccated thalli of *Rhytidium rugosum*. Upper, middle, and lower traces represent the spectra of hydrated thalli, dark-adapted desiccated thalli after drying in darkness, and light-adapted thalli after drying in the light (PPFD 600 μmol m^−2^ s^−1^), respectively. Excitation wavelength was 480 nm.](jexboters062f01_ht){#fig1}

The colour of the moss was not changed much by desiccation. Therefore, the large desiccation-induced loss of fluorescence cannot be ascribed to altered light absorption. It can be explained by effective competition between the radiation-less energy dissipation processes induced by desiccation and the fluorescence emission process in PSII.

Fluorescence lifetime measurements of hydrated and desiccated thalli
--------------------------------------------------------------------

[Fig. 2](#fig2){ref-type="fig"} shows 2D images of fluorescence decay (wavelength on the X-axis and delay time with respect to the 430-nm excitation laser flash on the Y-axis) of desiccated (A, dry) and hydrated (B, wet) thalli of *Rhytidium rugosum* measured at room temperature (25 °C). Excitation of fluorescence was at 430 nm. Each photon emitted as fluorescence emission from moss was detected by a charge-coupled device in a streak camera system as reported by [@bib24] and [@bib25]. Each dot on the image indicates the trace of a photon accumulated in the photon-counting mode in the apparatus. As can be seen from the very short tail along the Y-axis of fluorescence at 680 nm of the image, which disappeared at 0.5 ns after the flash excitation, the decay of fluorescence was very fast in the dry thalli at all wavelengths ([Fig. 2A](#fig2){ref-type="fig"}). However, within a few minutes after re-wetting the thalli, the Y-axis tail of the fluorescence became longer ([Fig. 2B](#fig2){ref-type="fig"}). It should also be noted that the range of emission wavelengths did not change at all, although lifetime changed significantly.

![Fluorescence decay kinetics of hydrated and desiccated *Rhytidium rugosum* at room temperature. (A, B) Wavelength-decay time 2D image of fluorescence of desiccated (A) and rehydrated (B) thalli. (C) Fluorescence spectra calculated by integrating photons in whole time domains of the images in A (red, desiccated) and B (blue, rehydrated) with the A spectrum normalized to the highest peak of the B spectrum (red dotted trace). (D) Semi-logarithmic plots of fluorescence decay time courses at 670, 690, 720, and 750 nm, calculated from the images of desiccated (red) and hydrated (blue) thalli.](jexboters062f02_3c){#fig2}

[Fig. 2C](#fig2){ref-type="fig"} compares the fluorescence emission spectra of dry and wet thalli, calculated as the integration of all counts over the measurement times in the two images of [Fig. 2A and B](#fig2){ref-type="fig"}. A dotted line also indicates the expanded spectrum of the dry thalli after normalization of the peak heights. As already shown in [Fig. 1](#fig1){ref-type="fig"}, the spectrum of dry thalli showed smaller peak height than that of the wet thalli, especially in the 650--700 nm region, indicating the decrease of PSII fluorescence. The smaller integrated intensities in the dry thalli in [Fig. 2C](#fig2){ref-type="fig"}, therefore, come mainly from the faster decay of PSII fluorescence after desiccation as shown in [Fig. 2A and 2B](#fig2){ref-type="fig"}.

[Fig. 2D](#fig2){ref-type="fig"} shows the decay kinetics of fluorescence at different wavelengths with respect to the laser excitation time. The apparent decay times (1/e) at 670, 690, 720, and 750 nm were 487, 596, 354, and 403 ps in the wet thalli ([Table 1](#tbl1){ref-type="table"}). They were 105, 137, 113, and 137 ps in the dry thalli. The acceleration ratios at 670 and 690 nm were 4.6 and 4.4, respectively, and larger than those of 3.1 and 2.9 at 720 and 750 nm. The time courses at 750 nm also indicated some rising phase immediately after the excitation. This suggests energy transfer from the shorter wavelength bands in the dry moss. The result indicates acceleration by desiccation of energy migration from PSII antenna (at 670 nm) and the reaction centre (680--690 nm bands) towards the far-red lower energy bands, which dissipate energy as heat and do not transfer energy back to the shorter bands in an uphill process.

###### 

Apparent decay time constant (τ~1/e~) of fluorescence decay at each wavelengths in wet and dry thalli of *Rhytidium rugosum*

  Fluorescence wavelength (nm)   Wet τ~1/e~ (ps)   Dry τ~1/e~ (ps)   Acceleration ratio (wet/dry)
  ------------------------------ ----------------- ----------------- ------------------------------
  670                            487               105               4.6
  690                            596               137               4.4
  720                            354               113               3.1
  750                            403               137               2.9

Each decay time constant was calculated from the time course at each wavelength shown in [Fig. 2D](#fig2){ref-type="fig"}.

The result of measurements of fluorescence lifetime also indicates that desiccation of moss accelerates the decay of chlorophyll fluorescence. The effect is similar to that reported recently for desiccated lichens ([@bib43]; [@bib25]; [@bib33]). The extent of acceleration in *Rhytidium* under the present condition was a little smaller compared to that reported for lichens. The results suggest the induction by desiccation of a new energy dissipation pathway in PSII that quenches excitation energy.

Effects of consecutive hydration/desiccation cycles on modulated chlorophyll fluorescence emission
--------------------------------------------------------------------------------------------------

[Fig. 3A--C](#fig3){ref-type="fig"} shows changes of modulated fluorescence of *Rhytidium rugosum* during three consecutive hydration-desiccation cycles that lasted about 24 h in total. Excitation was done with a PPFD of 0.04 μmoles m^−2^ s^−1^ (during the first and third hydration cycles) to establish near-darkness conditions. Strong light pulses (6000 μmol m^−2^ s^−1^) of 1 s duration interrupted near-darkness conditions once every 500 s. PPFD was 2 μmoles m^−2^ s^−1^ during the second hydration cycle where additional actinic light was given to decrease noise levels. The light pulses served to monitor the maximum level of fluorescence yield (F~m~). Before the start of the first cycle, hydrated moss had been dark-adapted for 36 h. It was then dried in darkness to decrease zeaxanthin levels.

![Modulated chlorophyll fluorescence of *Rhytidium rugosum* during three consecutive hydration/desiccation cycles as monitored by a pulse amplitude modulation fluorometer. (A) First hydration--dessication cycle: addition of water to desiccated moss increases stationary and pulse-induced fluorescence, and this is followed by fluorescence decline during slow drying. (B) Second hydration--dessication cycle: fluorescence increased initially by addition of water as in A but illumination with a PPFD of 600 μmol m^−2^ s^−1^ decreased both stationary and pulse-induced fluorescence, and this is followed by fluorescence decline during slow drying. (C) Third hydration--dessication cycle: fluorescence increased initially as in A but pulse-induced fluorescence responses were smaller than in A owing to illumination in B. For further explanation, see text. Measuring beam (m. b.) was turned on and off as shown by up and down arrows, respectively.](jexboters062f03_lw){#fig3}

In the first hydration--desiccation cycle in the desiccated moss ([Fig. 3A](#fig3){ref-type="fig"}), two strong light pulses elicited small transient fluorescence responses, which indicated some charge separation in the PSII RCs followed by the reduction of the primary quinone electron acceptor Q~A~ ([@bib12]). Fluorescence decreased slightly immediately upon hydration. This is probably caused by the oxidation of Q~A~ ^--^ (see also [Fig. 1B](#fig1){ref-type="fig"} in [@bib18] for the moss *Rhytidiadelphus*). Subsequently, fluorescence increased from the minimum level slowly towards a maximum. Pulse-induced fluorescence responses increased strongly towards F~m~. The ratio of variable to maximum fluorescence \[(F~m~--F~o~)/F~m~ = F~v~/F~m~\] is known to be a measure of the quantum efficiency of energy conversion in PSII RCs ([@bib15]). F~v~/F~m~ increased to 0.58 during the first hydration phase ([Fig. 3A](#fig3){ref-type="fig"}). This value is lower than maximum values of F~v~/F~m~ (about 0.8), which are reported for unstressed higher plants ([@bib6]). F~v~/F~m~ ratios of hydrated thalli observed in the field after darkening were variable depending on previous exposure to strong light.

Both the steady-state fluorescence yield and fluorescence responses towards F~m~ decreased as the moss dried out. This is direct evidence of the activation of photo-protective energy dissipation mechanisms because energy dissipation, fluorescence and photosynthetic reactions are competitive to one another. Non-photochemical fluorescence quenching (NPQ), a conventional measure of the efficiency of thermal energy dissipation, increased from zero to 4 during the first dehydration phase ([Fig. 3A](#fig3){ref-type="fig"}) while the moss dried out.

A second hydration cycle increased fluorescence again ([Fig. 3B](#fig3){ref-type="fig"}). Illumination at approximately 50% of bright sunlight (600 μmol m^−2^ s^−1^) decreased both steady-state fluorescence and pulse-induced fluorescence responses suggesting activation of photo-protective thermal energy dissipation. NPQ increased to 1.9 in the hydrated condition. Desiccation then increased NPQ to 5.6. Strong light pulses given after complete desiccation failed to elicit fluorescence responses. Illumination was turned off before the third hydration phase.

In the third cycle ([Fig. 3C](#fig3){ref-type="fig"}), addition of water once again increased steady-state fluorescence. Pulse-induced fluorescence responses increased to a level smaller than that observed in the first hydration phase ([Fig. 3A](#fig3){ref-type="fig"}). The peak F~v~/F~m~ value in the third cycle was 0.42 compared to 0.58 during the first hydration. This shows that the stable charge separation in PSII RCs, indicated by the F~v~/F~m~ values, had decreased by more than 25%. This is seen as a consequence of the illumination given during the second hydration phase ([Fig. 3B](#fig3){ref-type="fig"}). Apparently, the activation of energy dissipation that produced an NPQ of 1.9 during the preceding illumination period in the second cycle ([Fig. 3B](#fig3){ref-type="fig"}) had not been sufficient for full photo-protection of PSII RCs. NPQ returned to 4.3 after the third hydration phase ([Fig. 3C](#fig3){ref-type="fig"}).

The ratios of Fo~hydrated~/F~o~\'~desiccated~ were also calculated to reveal how much faster excitation energy is trapped in active dissipation centres of desiccated thalli than in open RCs of hydrated thalli. F~o~/F~o~\' was 2.3 after the first hydration--dehydration cycle. It became 3.9 under the influence of illumination during the second hydration--dehydration cycle. When illumination was absent during the third hydration--dehydration cycle, F~o~/F~o~\' returned to 2.8.

In a number of additional experiments similar to those shown in [Fig. 3](#fig3){ref-type="fig"}, in which hydrated dark-adapted moss was exposed to 600 μmol m^−2^ s^−1^ for a few hours, loss of stable charge separation was as large as or larger than that detected in the experiment of [Fig. 3](#fig3){ref-type="fig"}. It is therefore concluded that strong illumination of hydrated sun-tolerant moss cannot prevent appreciable photo-damage to PSII RCs. The observations appear to explain the considerable variation in F~v~/F~m~ values of hydrated *Rhytidium* in the field.

Energy dissipation in hydrated moss: activation by protonation and inhibition by DTT
------------------------------------------------------------------------------------

Increased NPQ under strong light during the second hydration cycle in [Fig. 3B](#fig3){ref-type="fig"} (NPQ 1.9) suggests involvement of zeaxanthin in energy dissipation ([@bib11]). Zeaxanthin-dependent energy dissipation is known to be controlled by the protonation of the PsbS protein ([@bib29]) or a similar thylakoid protein ([@bib5]). In low light or darkness, zeaxanthin is reconverted to violaxanthin. [Fig. 4](#fig4){ref-type="fig"} shows a fluorescence experiment in which hydrated thalli of *Rhytidium rugosum,* which had been dark adapted for 48 h, received strong light pulses given 1 min apart. In [Fig. 4A](#fig4){ref-type="fig"}, replacement of air by 20% CO~2~ in air decreased not only F~m~ but also steady-state fluorescence, F~s~, that was slightly above F~o~. As shown by [@bib9], the potential acid CO~2~ is capable of replacing light as a source of protons for the activation of energy dissipation in hydrated mosses and lichens provided zeaxanthin is present. Removal of CO~2~ largely reversed fluorescence quenching. The observation of CO~2~-dependent quenching in [Fig. 4A](#fig4){ref-type="fig"} suggests that thalli of dark-adapted *Rhytidium rugosum* still contained zeaxanthin.

![Effect of 20% CO~2~ in air on the stationary (F~s~) and maximum fluorescence level (F~m~) of *Rhytidium rugosum*. (A) Hydrated thallus darkened for 48 h to decrease zeaxanthin levels before measurement. (B). Thallus as in A, but also incubated for 2 h with 5 mM DTT before measurement. Modulated light to support fluorescence at the F~s~ level had a PPFD of 4 μmol m^−2^ s^−1^; the saturating light pulses (1 s) had a PPFD of 10,000 μmol m^−2^ s^−1^. Measuring beam (m. b.) was turned on and off and CO~2~ was increased as shown by arrows.](jexboters062f04_lw){#fig4}

DTT is known to be an inhibitor of the light-dependent de-epoxidation of violaxanthin to zeaxanthin ([@bib44]). The experiment of [Fig. 4B](#fig4){ref-type="fig"} shows that DTT is also an inhibitor of the activation of energy dissipation by protonation. After dark-adapted moss thalli were incubated for 5 h with 5 mM DTT, 20% CO~2~ failed to decrease steady-state fluorescence. As DTT cannot prevent protonation reactions caused by CO~2~, it is concluded that inhibition of the activation of energy dissipation by DTT occurs at a step in the signal transduction chain of zeaxanthin-dependent energy dissipation, which is beyond the protonation reaction.

Moss thalli, which had been pre-incubated for 5 h in 5 mM DTT, lost fluorescence during desiccation as much as that in hydrated controls (data not shown). This shows that DTT does not inhibit desiccation-induced energy dissipation. The protonophore nigericin, another inhibitor of zeaxanthin-dependent energy dissipation, was also ineffective to inhibit desiccation-induced energy dissipation (data not shown).

Effects of glutaraldehyde on desiccation-induced energy dissipation
-------------------------------------------------------------------

Glutaraldehyde possesses two aldehyde groups that can react with proteins ([@bib10]). In [Fig. 5A](#fig5){ref-type="fig"}, fluorescence was measured immediately after hydration of dried moss in 0.2% aqueous solution of glutaraldehyde. Fluorescence increased slowly. It did not decrease while the moss dried. In [Fig. 5B](#fig5){ref-type="fig"}, fluorescence was measured after hydrated thalli had been pre-incubated for 1 h with 0.2% aqueous glutaraldehyde. During drying, fluorescence decreased, but much less than that in the control experiment ([Fig. 5C](#fig5){ref-type="fig"}), in which dry thalli had been hydrated in water for 1 h before fluorescence was measured.

![Changes in modulated chlorophyll fluorescence in hydrated *Rhytidium rugosum* during slow desiccation. (A) Desiccated moss thalli were hydrated in 0.2% aqueous glutaraldehyde shortly before the measuring beam was turned on. (B) Rehydrated thalli were exposed for 1 h to 0.2% glutaraldehyde before the measuring beam was turned on. (C) Control experiment without glutaraldehyde, otherwise as in B. Saturating light pulses were given every 500 s to probe for stable charge separation in PSII RCs. Measuring beam (m. b.) was turned on and off as shown by up and down arrows, respectively.](jexboters062f05_lw){#fig5}

A comparison of the three experiments of [Fig. 5](#fig5){ref-type="fig"} shows that 0.2% aqueous glutaraldehyde decreased, but did not fully inhibit, pulse-induced charge separation in PSII RCs. Drying caused complete or strong loss of charge separation. Importantly, drying resulted in strong loss of fluorescence only in the control experiment ([Fig. 5C](#fig5){ref-type="fig"}) but not in the glutaraldehyde experiments ([Fig. 5A and B](#fig5){ref-type="fig"}). The data suggest involvement of glutaraldehyde-sensitive proteins in desiccation-induced energy dissipation.

Desiccation-induced energy dissipation is highly effective in providing phototolerance
--------------------------------------------------------------------------------------

[Fig. 6](#fig6){ref-type="fig"} shows modulated chlorophyll fluorescence during two consecutive hydration/desiccation cycles of *Rhytidium rugosum.* In [Fig. 6A](#fig6){ref-type="fig"}, the moss had been dried slowly immediately after collection in the sun. In [Fig. 6B](#fig6){ref-type="fig"}, the moss, collected from the same place, had been dark-adapted in the hydrated state for 36 h. It was then dried in the dark.

![Modulated chlorophyll fluorescence during two consecutive hydration/desiccation cycles of *Rhytidium rugosum* interspaced by a 60 min illumination period (PPFD of 10,000 μmol^−2^ s^−1^) of the dry moss. (A) Thalli exposed for 4 days to full sunshine during a high-pressure period in early October and dried. (B) Thalli obtained as in A hydrated in near-darkness for 2 days in the laboratory and then dried in darkness. Strong light pulses (1 s) were given every 500 s. For explanation, see text.](jexboters062f06_lw){#fig6}

Initial NPQ in the dry state was 6 in [Fig. 6A](#fig6){ref-type="fig"}. After hydration in near-darkness and subsequent desiccation it was reduced to 3.5 (not shown in [Fig. 6A](#fig6){ref-type="fig"}). This is a result of partial relaxation of desiccation-induced energy dissipation during hydration in darkness. The maximum F~v~/F~m~ ratio was 0.28 during hydration. The ratio F~o~/F~o~\', a measure of the suppression of F~o~ by desiccation, was about 5 before and 3.3 after the hydration. This also reveals relaxation of desiccation-induced energy dissipation. A 60 min exposure of the dry moss to 10,000 μmol m^−2^ s^−1^, i.e. to almost eight times maximum sunlight, decreased fluorescence of the desiccated moss. Most of this decrease was not reversed by darkening. A subsequent hydration increased fluorescence to give the maximum F~v~/F~m~ of 0.3. This shows that exposure of the desiccated moss to extremely strong irradiation for 1 h had not damaged the PSII RCs.

The only difference between the experiments in [Fig. 6A and B](#fig6){ref-type="fig"} was dark adaptation of the moss used for [Fig. 6B](#fig6){ref-type="fig"}. F~o~/F~o~\' was 2.7 in [Fig. 6A](#fig6){ref-type="fig"} and 1.9 in [Fig. 6B](#fig6){ref-type="fig"}. This reveals loss of photo-protection during the dark adaptation. Extremely strong illumination for 60 min (10,000 μmol m^−2^ s^−1^) for 60 min decreased fluorescence of the dry thalli as shown in [Fig. 6A](#fig6){ref-type="fig"}. The subsequent hydration increased fluorescence again, but pulse-induced fluorescence responses were now decreased compared to those in the first hydration/desiccation cycle. Maximum F~v~/F~m~ was 0.18, which is lower than the value of 0.28 observed before strong illumination of the dry moss. The result confirms that dark-adaptation of hydrated moss had increased the sensitivity to photo-inactivation after drying.

Photochemical activities of desiccated thalli
---------------------------------------------

In [Fig. 7](#fig7){ref-type="fig"}, the kinetics of light-induced changes of the fluorescence yield is compared with those of light-induced absorption changes at 802 and 950 nm. In [Fig. 7A](#fig7){ref-type="fig"}, the thalli used had been dark-adapted in the hydrated state for 36 h before they were dried in the dark. Upon strong illumination with white light*,* fluorescence increased briefly showing charge separation in PSII RCs and rapid reduction of Q~A~. Subsequently, fluorescence declined slowly during the illumination. It increased again on darkening. The initial brief increase in fluorescence seen in [Fig. 7A](#fig7){ref-type="fig"} was always absent when light-adapted desiccated thalli were illuminated ([Fig. 7B](#fig7){ref-type="fig"}). A semi-logarithmic plot of fluorescence intensity against recovery time in the dark revealed two decay phases. The slowest phase obeyed first order kinetics with a half time of 6 s (apparent reaction rate constant of 0.12 s^−1^). The faster recovery phases could not be resolved well with the present experimental set up.

![Reversible light-induced changes of the yield of chlorophyll fluorescence (A, B) and of absorption at 950 nm (C) and 802 nm (D) of desiccated thalli of *Rhytidium rugosum*: (A) dark-adapted thalli, slowly desiccated in darkness; (B--D), light-adapted thalli, slowly desiccated under illumination. Fluorescence changes in A and B are shown as percentages with respect to the total fluorescence yield of desiccated thalli. Start and termination of illumination with photosynthetically active photon flux density 10,000 μmol m^−2^ s^−1^ is shown by arrows.](jexboters062f07_lw){#fig7}

This study always detected reversible light-dependent absorption changes in the far-red region when desiccated thalli were strongly illuminated with white light. Strong far-red illumination did not elicit appreciable absorption changes or fluorescence responses. It is therefore concluded that the fluorescence changes shown in [Fig. 7A and B](#fig7){ref-type="fig"} originated mainly from PSII and not from PSI (see also data in [@bib18]). The time course of the absorption change at 802 nm ([Fig. 7D](#fig7){ref-type="fig"}) or 832 nm (not shown) resembled that of the change in fluorescence yield ([Fig. 7B](#fig7){ref-type="fig"}). Strong illumination increased absorption of far-red measuring light, and darkening decreased it.

Light-induced increases in absorption were also observed at 950 nm ([Fig. 7C](#fig7){ref-type="fig"}) and 875 nm (not shown). They may be attributed to the formation of carotenoid radicals. Their kinetics were different from those observed at 802 and 835 nm. The dark recovery was too fast to be resolved.

Discussion
==========

Mosses occupy a broad spectrum of ecological niches. Within the family Rhytidiaceae, *Rhytidium rugosum* tolerates full exposure to the sun, whereas a closely related species, *Rhytidiadelphus squarrosus* ([@bib18]) is restricted to shaded environments. Whereas both species tolerate desiccation, *Rhytidiadelphus squarrosus* bleaches slowly when left desiccated in the sun. In contrast, desiccated thalli of *Rhytidium rugosum* were not damaged even by very high photon fluxes. [Figs. 3](#fig3){ref-type="fig"} and [6](#fig6){ref-type="fig"} show that slow desiccation severely depresses the F~m~ and F~o~ levels of PSII fluorescence of *Rhytidium rugosum*. This is accompanied by the acceleration of fluorescence decays ([Fig. 2](#fig2){ref-type="fig"}). Hydrated thalli proved to be sensitive to strong light ([Fig. 3](#fig3){ref-type="fig"}). From the data, it is concluded that three different mechanisms of NPQ protect PSII RCs of *Rhytidium rugosum*. One of them is active in hydrated thalli. It appears to involve zeaxanthin and is activated by a protonation reaction ([Fig. 4](#fig4){ref-type="fig"}). Two other mechanisms are induced by desiccation. One of them is similar to a mechanism detected before in desiccated lichens ([Fig. 2](#fig2){ref-type="fig"}; [@bib43]; [@bib25]; [@bib33]). The other is based on a photoreaction. This effect can be observed not only in hydrated but also in desiccated moss thalli ([Fig. 7](#fig7){ref-type="fig"}; [@bib18]). It is characterized by light-dependent absorption changes around 800 nm and is thought to represent the formation of a chlorophyll radical which acts as a quencher of excitation energy in RCs of PSII.

Effectiveness of photoprotection
--------------------------------

Values of NPQ, commonly used to describe the extent of photo-protective energy dissipation, are derived from experimentally observed changes in F~m~. They fail to describe sufficiently the competition between different fates of absorbed light energy in photosynthesis. Therefore, F~o~/F~o~\' ratios were calculated in an attempt to understand competition between radiationless energy dissipation and fluorescence when photochemical use of light for photosynthesis becomes negligible as thalli dry out ([Figs. 3](#fig3){ref-type="fig"} and [6](#fig6){ref-type="fig"}). In hydrated moss thalli, F~o~ describes a fluorescence situation, in which photochemical light use approaches 100% and thermal energy dissipation is negligible. After desiccation, F~o~\' describes a very different situation. Thermal energy dissipation has been activated and photochemical light use is essentially absent. This situation lowers fluorescence below the original F~o~ level. High F~o~/F~o~\' ratios suggest energy dissipation to be so fast in desiccated thalli as to compete successfully with open PSII RCs for trapping excitation energy. This protects the RCs from photodamage.

Further protection is not necessarily required, but can be provided, if needed, by the formation of a quencher of excitation energy within the RCs. The light-dependent formation of such a quencher is demonstrated in [Fig. 7](#fig7){ref-type="fig"}. In [Fig. 3](#fig3){ref-type="fig"}, desiccation resulted in NPQ values of 4 and 4.3 when thalli were dried in darkness. Under these conditions, the corresponding F~o~/F~o~\' ratios were 2.3 and 2.8, respectively. Charge separation in PSII RCs was strongly, but not completely, suppressed as shown by residual fluorescence responses to strong light pulses. When the thalli were dried in the light, NPQ was 5.6 and F~o~/F~o~\' was 3.9. At such ratios, charge separation in PSII RCs was fully suppressed. Apparently, excitation energy bypassed RCs. It was rapidly converted to thermal energy.

In hydrated plants, charge separation in PSII RCs is known to take 3--5 ps ([@bib45]; [@bib22]). Although it is not known whether desiccation changes these values, the high F~o~/F~o~\' ratios in [Fig. 3](#fig3){ref-type="fig"} suggest that the bulk of excitons is rapidly deactivated and converted to thermal energy in competition with the trapping of excitons by functional PSII RCs. In fact, fluorescence decays in the picosecond time scale for desiccated moss reveal very fast energy transfer from the major PSII antenna bands to a far-red band ([Fig. 2](#fig2){ref-type="fig"}). In lichens, the quencher is an unidentified far-red absorbing molecule ([@bib43]; [@bib25]; [@bib33]). In contrast, [@bib41] proposed that desiccation had increased spillover of excitation energy from PSII to PSI, and that fluorescence is quenched by P700^+^.

The activation of energy dissipation in hydrated moss thalli by CO~2~ in the experiment of [Fig. 4](#fig4){ref-type="fig"} resulted in an NPQ of 1.2. F~o~/F~o~\' could not be measured because the F~s~ level measured in [Fig. 4](#fig4){ref-type="fig"} was above the F~o~ level. The NPQ of 1.9 induced by the actinic illumination during the second hydration in the experiment of [Fig. 3B](#fig3){ref-type="fig"} can, therefore, be attributed to zeaxanthin-dependent energy dissipation.

A comparison of NPQ values shows that activation of energy dissipation by protonation or by light cannot increase NPQ as much as desiccation does. Thus, some photo-damage to RCs under excess light appears to be unavoidable in hydrated thalli ([Fig. 3](#fig3){ref-type="fig"}) and metabolic repair of damage is required ([@bib1]). Desiccation-induced fluorescence quenching provides stronger photo-protection to the moss *Rhytidium* ([Figs. 3](#fig3){ref-type="fig"} and [6](#fig6){ref-type="fig"}) and to lichens ([@bib17]; [@bib43]; [@bib16]; [@bib25]; [@bib41]) than the protonation-regulated energy dissipation mechanism.

Picosecond fluorescence decay
-----------------------------

Desiccation of *Rhytidium* decreased fluorescence intensity of the main band at 687 nm more strongly than above 700 nm ([Fig. 1](#fig1){ref-type="fig"}). More fluorescence was lost by desiccation under light than in darkness. This observation suggested migration of excitons from the PSII major antenna chlorophylls towards the far-red bands where they are trapped in dissipation centres ([@bib20]). For lichens, time-resolved fluorescence analysis has led to the discovery of a long-wavelength quencher, which is coupled to the pigment system of PSII ([@bib43]; [@bib25]; [@bib33]).

For the moss *Rhytidium*, acceleration of the decay of fluorescence by desiccation is shown in [Fig. 2](#fig2){ref-type="fig"}. Fluorescence decay of hydrated thalli was faster at 670 nm than at other wavelengths. This fluorescence is thought to be mainly emitted by antenna chlorophylls in PSII. The decay was 4.6-fold accelerated by desiccation ([Table 1](#tbl1){ref-type="table"}). At 680--690 nm of PSII range, decay was 4.4-fold accelerated by desiccation. At 720 and 750 nm, where fluorescence is thought to come also from PSI that decays faster, desiccation accelerated the decays only about 3-fold, which is less compared to the acceleration in the PSII range. It is, therefore, concluded that fluorescence of PSII was specifically accelerated by desiccation ([Fig. 2A](#fig2){ref-type="fig"}).

In a previous lichen study, it was proposed that a newly activated energy-accepting molecule, which emits fluorescence around 740 nm, accepts excitation energy from PSII bands of shorter wavelengths ([@bib43]; [@bib25]). The acceleration of the 720 and 750 nm fluorescence decay by desiccation in [Fig. 2](#fig2){ref-type="fig"} suggests that the quencher activated in *Rhytidium rugosum* is also connected to the PSII antenna. It, therefore, appears that the mechanism of fluorescence quenching in the near far-red detected in the desiccated moss in this study is very similar to that in desiccated lichens. The acceleration of fluorescence decay in the moss is less marked compared to that in lichens.

Co-operation of desiccation-induced energy dissipation centres
--------------------------------------------------------------

Results of [Figs. 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [7](#fig7){ref-type="fig"} are interpreted to show cooperation of two different mechanisms of energy dissipation in desiccated *Rhytidium*. One is characterized by the accelerated decay of 690 nm emission and the light-dependent formation of a quencher presumably in PSII RCs ([Fig. 7](#fig7){ref-type="fig"}), the other one by rapid fluorescence decay in the near far-red. Fast loss of 750 nm fluorescence is interpreted to be the result of fast migration of excitons from the PSII antenna to an as yet unknown pigment protein in or near the PSII antenna. There, thermal de-excitation to the ground state takes place.

Special proteins such as the pH-sensitive PsbS protein of higher plants ([@bib29]) and the LhcSR3 protein of lower plants ([@bib5]) are known to be essential components of the zeaxanthin-dependent mechanism of photo-protection. Glutaraldehyde, an agent capable of fixing protein structures ([@bib10]), inhibits loss of fluorescence during desiccation of *Rhytidium* ([Fig. 5A and B](#fig5){ref-type="fig"}) and of lichens ([@bib16]). Inhibition of desiccation-induced energy dissipation by glutaraldehyde demonstrates the involvement of a pigment protein in the mechanism of energy dissipation. The far-red emission observed at room temperature in [Figs. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} is, therefore, assumed to partially originate from a special pigment protein, which undergoes conformational changes during desiccation, thereby activating dissipation centres.

Energy, not trapped in these centres, can be quenched in PSII RCs that are transformed into dissipation centres ([Fig. 7](#fig7){ref-type="fig"}). Fast decay of fluorescence at 690 nm, which is accelerated by desiccation, may originate from the PSII RC core complex ([Fig. 2](#fig2){ref-type="fig"}). It is thought to reflect the quenching of excitation energy in PSII RCs. [Fig. 7A](#fig7){ref-type="fig"} shows that strong illumination first increased and then decreased fluorescence of dark-adapted desiccated moss. The initial increase, which indicates reduction of Q~A~ in PSII RCs ([@bib12]), was never observed in desiccated moss thalli that had been dried in the light ([Fig. 7B](#fig7){ref-type="fig"}). The slow light-dependent loss of fluorescence ([Figs. 7A and B](#fig7){ref-type="fig"}) shows formation of a quencher, which appears from its optical properties to be a chlorophyll radical ([Fig. 7D](#fig7){ref-type="fig"}; [@bib8]; [@bib14]). Such radicals can act as quenchers ([@bib13]).

It should be noted that the quencher is unlikely to be P700^+^ in PSI RC because strong far-red illumination, which oxidizes P700, did not quench fluorescence in desiccated thalli. PSII RCs contain six chlorophylls, two pheophytins, and two β-carotenes in the core D1/D2 subunit moiety. In desiccated plant leaves and in desiccated moss, carotene was oxidized in the light with very low quantum efficiency ([@bib40]; [@bib19]). When oxidized carotene reacts with a neighbouring chlorophyll in a PSII RC, Chl^+^ is formed. This chlorophyll radical could be the quencher shown in the experiments of [Fig. 7B and D](#fig7){ref-type="fig"} ([@bib13]).

Presence of light during desiccation increases phototolerance
-------------------------------------------------------------

In some chlorolichens, the presence of light during desiccation has been shown to increase fluorescence quenching ([@bib17]). In [Fig. 1](#fig1){ref-type="fig"}, illumination of thalli of *Rhytidium rugosum* during desiccation increased the loss of fluorescence. In [Fig. 3](#fig3){ref-type="fig"}, NPQ increased from 4 during the desiccation in darkness to 5.6 after desiccation in the light. The F~o~/F~o~\' ratio increased from 2.3 to 3.9. Apparently, the presence of light during the desiccation increased phototolerance considerably.

Levels of zeaxanthin are known to increase under strong illumination when violaxanthin is de-epoxidized in a light-dependent reaction of the xanthophyll cycle ([@bib11]). In a similar de-epoxidation reaction, lutein is synthesized in the light ([@bib32]). The photo-protective effect of light during desiccation may suggest a role of zeaxanthin or other carotenoids in the mechanisms of desiccation-induced photoprotection, although inhibitors such as dithiothreitol ([Fig. 4](#fig4){ref-type="fig"}) or nigericin (not shown), known to inhibit zeaxanthin-dependent energy dissipation, failed to inhibit desiccation-induced energy dissipation in *Rhytidium* and in chlorolichens ([@bib16]).

Molecular mechanisms of energy dissipation
------------------------------------------

The discussion of molecular mechanisms of energy dissipation is still controversial. In higher plants, energy dissipation is thought to occur in the major light harvesting complex LHC2 of PSII ([@bib37]) or in the minor antenna proteins such as CP24 or CP29 ([@bib4]). It has been proposed to be the result of aggregation of LHC2 proteins ([@bib23]; [@bib37]) or of energy transfer from chlorophyll to low-lying electronic states of xanthophylls such as zeaxanthin or lutein ([@bib38]; [@bib30]). Other proposals envisage the rapid reversible charge transfer from chlorophyll to a xanthophyll ([@bib21]; [@bib3]) or to chlorophyll ([@bib34]) followed by an energy-dissipating recombination reaction. On the other hand, [@bib41] proposed desiccation-induced spillover of excitation energy from PSII to PSI and quenching by P700^+^ as the main mechanisms of photo-protection in the lichen *Parmelia sulcata*. A minor role in photo-protection was assigned to desiccation-induced Chl--Chl charge transfer in the antenna of PSII followed by dissipative recombination.

Concluding remarks
------------------

The initial aim of the present study was to answer several questions:

\(1\) Are desiccated thalli of the moss *Rhytidium rugosum* protected by a mechanism of thermal energy dissipation similar to that previously shown to prevent photo-oxidative damage to desiccated lichens? The answer is yes ([Fig. 2](#fig2){ref-type="fig"}).

\(2\) What is the role of a previously observed radical in the photoprotection of desiccated *Rhytidium rugosum* and is it stable? The answer is that the radical is a quencher of excitation energy. It is tentatively identified as a chlorophyll radical in PSII RCs, which is produced in a reversible photoreaction even in desiccated moss thalli ([Fig. 7](#fig7){ref-type="fig"}).

\(3\) Is the recombination of unstable radicals such as P680^+^ with pheo^--^non-toxic or potentially toxic by giving rise to the activation of oxygen? The answer is that recombination reactions of radical pairs, when they occur, are non-toxic in desiccated thalli of *Rhytidium rugosum* as shown by full photo-protection of thalli after exposure to extremely strong illumination ([Fig. 6](#fig6){ref-type="fig"}). Similar observations reported for desiccated cyanobacteria are explained by a pheophytin-independent recombination pathway ([@bib36]). Oxygen activation is not observed.

\(4\) Does the effectiveness of photo-protection of hydrated moss differ from that of desiccated moss? The answer is yes. Hydrated thalli are far more sensitive to damage by strong light than desiccated thalli ([Fig. 3](#fig3){ref-type="fig"}).
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